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I examined living ostracode assemblages from the northern Bering Sea, 
collected between 1976 to 2010, and from the Chukchi Sea, collected in 2009 
and 2010, to determine how climatic and oceanographic changes affect 
ostracode species distributions. I found the Bering Sea assemblage to be 
transitional in species composition between those inhabiting western Arctic 
continental shelves and the subarctic Gulf of Alaska. Temporal changes in 
the Bering Sea assemblage provide evidence that decadal temperature 
changes have affected species composition. For example, the proportion of 
Normanicythere leioderma, a predominantly Arctic species, decreased from 
70% of the total assemblage population in 1999 to 15% by 2006. This 
decrease coincided with a shift in the Arctic Oscillation toward a positive 
mode and warmer Bering sea-surface temperatures beginning in the early 
2000s.  My results support the hypothesis that recent ocean temperature 
changes in the Bering-Chukchi Sea region are changing species composition 




SPATIAL AND TEMPORAL VARIABILITY IN BENTHIC OSTRACODE 
ASSEMBLAGES IN THE NORTHERN BERING AND CHUKCHI SEAS 













Thesis submitted to the Faculty of the Graduate School of the  
University of Maryland, College Park, in partial fulfillment 
of the requirements for the degree of 













Dr. Lee Cooper, Chair 
Dr. Thomas Cronin 







































I would like to thank my thesis committee, Dr. Lee W. Cooper, Dr. 
Thomas M. Cronin and Dr. Walter R. Boynton, for assistance and 
guidance in completing this thesis project.  
Thanks to William Briggs, Jr. and Eugene Schornikov for meaningful 
discussions and identification regarding Kotoracythere arctoborealis 
vs. Pectocythere janae. 
I greatly appreciate help from the many people who provided lab 
assistance, samples, data, graphics, and input on analyses and my 
manuscript: Alynne Bayard, Chris Bernhardt, Elisabeth Brouwers, Beth 
Caissie, Jesse Farmer, Ben Gordon, Jackie Grebmeier, Karin Lehnigk, 
Ronnie Lindsay, Rachel Marzen, Kristin McDougall, Han Nelson, David 
Reed, Christina Riesselman, Mike Torresan, and Moriaki Yasuhara. 
Zach Brown generously contributed sea surface temperature and sea-
ice extent data.  





                                              Table of Contents 
Acknowledgements .......................................................................................... ii 
List of Tables .................................................................................................... v 
List of Figures ................................................................................................. vi 
Chapter 1: Environmental Factors Influencing Bering and Chukchi Sea 
Benthic Ostracodes .......................................................................................... 1 
Introduction ................................................................................................... 1 
Biogeography of Arctic and Subarctic Ostracodes ....................................... 4 
Environmental Factors Affecting Arctic and Subarctic Ostracode 
Abundance and Range ................................................................................. 6 
Detrended Correspondence Analysis (DCA) of ostracodes from the Bering, 
Chukchi, Beaufort, Laptev, and Kara Seas .................................................. 6 
Ocean Temperature ..................................................................................... 8 
Salinity ........................................................................................................ 11 
Productivity ................................................................................................. 12 
Primary Productivity and Species Diversity ................................................ 14 
Summary .................................................................................................... 16 
Figures 1.1 – 1.12 .......................................................................................... 18 
Chapter 2: Temporal Changes in Benthic Ostracode Assemblages in the 
Northern Bering and Chukchi Seas from 1976 to 2010 ................................. 31 
Introduction ................................................................................................. 31 
Environmental Setting ................................................................................ 32 
Materials and Methods ............................................................................... 35 
Ostracode Sampling ................................................................................... 35 
Sample Processing .................................................................................... 37 





Statistical Analyses .................................................................................... 39 
Results ....................................................................................................... 40 
Bering Sea assemblage composition ......................................................... 40 
Distributions of dominant taxa in the Arctic Ocean and North Pacific ........ 41 
Temporal trends in Bering Sea indicator species ....................................... 42 
Canonical correspondence analysis for Bering Sea species ..................... 44 




Figures 2.1 – 2.8 ............................................................................................ 51 
Appendices .................................................................................................... 60 
References, Chapter 1 ................................................................................... 61 









List of Tables 
 
Table 2.1. Listing of research cruises by year, month, ship, and region, from 





List of Figures 
Figure 1.1. Location of sediment samples used in the present study of 
benthic ostracodes and areas discussed in the text by year: Chukchi Sea, 
Bering Sea, Norton Sound, Chirikov Basin, Inner Shelf region off western 
Alaska, Alaskan Coastal Current. 
  
Figure 1.2.  Scanning electron photo of Arctic ostracode Henryhowella cf. 
asperrima, adult female, right valve (1.2A) and general anatomy of a 
Podocopid ostracode (1.2B). [Photo courtesy of Moriaki Yasuhara and 
illustration courtesy of David Horne as published in Horne et al., (2002)] 
 
Figure 1.3. September (1.3A) and January (1.3B) sea-surface temperatures 
(SST) representing mean summer and winter temperatures, respectively. 
Maps are web-based products from the U. S. National Oceanic and 
Atmospheric Administration National Oceanographic Data Center (NODC):  
http://www.nodc.noaa.gov/cgi-bin/OC5/PACIFIC2009/showclimatmap.pl 
 
Figure 1.4. Map showing locations of circum-Arctic continental shelf 
ostracode samples used in comparative biogeographic analysis of Bering and 







Figure 1.5. Detrended correspondence analysis (DCA) comparing Bering and 
ostracode assemblages with those from circum-Arctic shelves shown in 
Figure 1.4 (n=306, 43,200 specimens). This representation illustrates how 
ostracode assemblages in near-shore marine Arctic environments differ from 
northern Bering Sea assemblages. Colored circles represent sample 
locations: Bering (blue dots), Chukchi (red dots), Beaufort (green dots), 
Laptev (yellow dots), and Kara (black dots). “Bering A” sample group plots 
low on axis two and includes larger proportions of N. leioderma and S. bradii, 
while “Bering B” group contains larger proportions of S. complanata 
represented in 2006 and 2009 samples. There are no sharp boundaries 
among the samples; the gradations between the samples are due to 
differences in years collected and the geographically varied salinity and 
temperature regimes of the regions. (Samples with <20 specimens and 
samples with from water depths ≥200 m were excluded.) 
 
Figure 1.6. Percent abundance and latitudinal distribution of circum-Arctic 
species P. pseudopunctillata and temperate species P. janae in the Bering 
Sea. P. pseudopunctillata is common only in the northern most Bering Sea 
near the Bering Strait (63-64°N latitude), where it likely migrates from the 
Beaufort Sea region.  In contrast, the temperate species P. janae is primarily 
distributed near latitude 62°N, south of St. Lawrence Island where it 
presumably migrates north from the Gulf of Alaska during periods of warmth 






Figure 1.7. Abundance of S. bradii during three intervals showing the 
principal temperature control of its abundance. Samples are denoted by the 
blue dots on the respective maps, from relatively cold years of 1994 and 1999 
(1.7A) and 2009 and 2010 (1.7C) show its abundance increases to 
sometimes 50-80% of the assemblage. In contrast, samples from the warm 
years of 2001-2006 (1.7B) show its abundance declines to <10% of 
assemblage in all but 2 samples. 
 
Figure 1.8. Salinity in the Bering Sea and Norton Sound region in September 
2009. Map derived from:  
http://www.nodc.noaa.gov/cgibin/OC5/PACIFIC2009/showclimatmap.pl 
 
Figure 1.9. Longitudinal distribution of P. janae and C. macchesneyi in the 
Bering Sea (1.9A), showing P. janae is most abundant in the southwestern 
part of the study region, while C. macchesneyi is abundant in the central and 
eastern (Norton Sound) regions. Longitudinal distribution of S. complanata 
(southwest region) and P. pseudopunctillata (Norton Sound) (1.9B).  The 
latitudinal distribution of S. bradii and N. leioderma, the two most common 
species in the northern Bering Sea, shows that occur together and this 
reflects their eurytopic ecology (1.9C). Plots are based on 110 samples 







Figure 1.10. Contour plots of distribution, depth and abundance of P. 
pseudopunctillata (1.10B) and C. macchesneyi (1.10C) along a transect of the 
of the northern Bering/Chukchi/Beaufort Sea (outlined in red) (1.10A, map). 
Transect runs from the northern Bering to Chukchi and then into the Beaufort 
Sea. Blue dots on map show a 700-surface-sample ostracode database 
combined with Bering Sea samples from the current study (Figure 1.1). The 
distributions of C. macchesneyi and P. pseudopunctillata appear to be 
influenced by the Alaska Coastal Current, which flows along the western 
Alaskan coast into the Chukchi and Beaufort Seas. The abundance P. 
pseudopunctillata is a dominant species along the coasts of the Chukchi-
Beaufort Sea representing on average 40-80% of the assemblage. C. 
macchesneyi is common (>30% of assemblage on average) along the 
Chukchi-Beaufort shallow margins. 
 
Figure 1.11. Summer sea-surface temperature (SST) from the Chirikov Basin 
and Inner Shelf regions (1.11A) plotted against percent abundance of P. 
janae and N. leioderma since 1998 (1.11B).  Primary productivity in the Inner 
Shelf (1.11C) is plotted from 1988 to 2009. (SST and primary productivity 
data courtesy of Zach Brown as presented in Brown et al., 2011. I define the 
Inner shelf region (<50 m depth) to include the Eastern Bering shelf and the 
Gulf of Anadyr (bounded by Cape Navarin to the south, St. Lawrence Island 






Figure 1.12.  Percent abundance of N. leioderma (1.12A) and P. janae 
(1.12B) plotted as a least-squares fit regression against primary productivity 
as measured in the Inner shelf of the eastern Bering Sea. N. leioderma is 
significantly more abundant as productivity is reduced (r2=0.49).  In contrast, 
P. janae abundance is correlated with higher productivity (r2=0.63).  
 
Figure 2.1. Bathymetry of the Bering and Chukchi Seas. Map derived from:  
http://www.pmel.noaa.gov/np/pages/seas/bseamap2.html 
 
Figure 2.2. Number of open water days (reflecting length of ice-free period) in 
the Chirikov Basin and along the Inner Shelf, 1979-2009. Trend line shows 
open water duration in the Chirikov Basin (north of St. Lawrence Island) has 
increased over these three decades, accounting for an ice loss of ~77± 37 
km2 of ice per year, with ice exiting by mid-June (Brown et al., 2011). “Open 
water” is defined as a satellite-derived sea-ice concentration below 10%. The 
Inner shelf region (0–50 m depth) includes the Eastern shelf and the Gulf of 
Anadyr (bounded by Cape Navarin to the south, St. Lawrence Island to the 
east, and Cape Chukotskiy to the north); The Chirikov Basin region is 
bounded by St. Lawrence Island to the south, the Chukotka Peninsula to the 
west, Seward Peninsula to the east, and Bering Strait to the north. 
 





of ostracodes in the northern Bering Sea, 1976-2010. This grouping sorts 
species with similar patterns of abundance. 
 
Figures 2.4A-C. Modern Arctic distribution and abundance of three key 
cryophilic species, N. leioderma (a), S. bradii (b), and S. complanata (c), 
based on a ~700-coretop sediment sample database (the Modern Arctic 
Ostracode Database, MAOD). The red circles indicate species presence, 
while the white circles indicate absence. The MAOD provides census data for 
approximately 100 species of benthic marine Ostracoda from modern surface 
sediments collected over the last 50 years from the Arctic Ocean and 
adjacent seas (Cronin et al., 2010). 
 
Figure 2.4D. Contour plot of distribution, depth and abundance of P. janae 
along the red-outlined Chukchi/Beaufort Sea area. Transect runs from the 
Chukchi to the Beaufort Sea (left to right). From the MAOD 685-sample 
database, 140 samples (black circles) were analyzed for the abundance of 
Pectocythere. P. janae is rare along the Chukchi-Beaufort shelf, only 
appearing in 2 samples during 1969 and 1970 with an abundance of 5-18% of 
the sample’s total ostracode population. It is absent along the Laptev-Kara 
shelf and is a more temperate Pacific species found in the Gulf of Alaska by 
Brouwers (1990). 
 





temperature (SST) from 1982 to 2009 (purple and green lines). In order to 
have a temperature record that encompassed the study’s time period, we 
include May SST for the southeastern Bering since 1975 and summer BWT 
for the eastern Bering since 1982. Because the central-northern Bering Sea is 
shallow (<50m) and well mixed, SST and BWT patterns generally show broad 
decadal patterns but do not provide year- and site-specific temperature data 
for our exact study region or exact temperatures that ostracode species 
require. (Data from http://www.beringclimate.noaa.gov/data/) This graph also 
illustrates the correlation between the SST and BWT data, R2 = .723 (p < 
0.05). 
 
Figures 2.5B-E.  Plots of abundances of the four most common species in 
Bering Sea, 1976-2010. Results represent the relative abundance of the 
major taxa out of the entire population for each year. (Samples from the 
Norton Sound area in 1978 were removed from the plot, as they were located 
in a river plume area and are not representative of the central Bering area 
assemblage.) Confidence limits were generated using the binomial methods 
of Buzas (1990). 
 
Figure 2.6. Canonical correspondence analysis (CCA) results of five 
dominant ostracode species frequencies (n=77) in relation to several 
environmental variables (sea-air temperature [SAT] in the Chirikov Basin, 





temperature [SST] in the southeastern Bering Sea) that may influence their 
overall abundance and distribution. The green vector lines show the 
environmental variables and the quadrant and samples with which they are 
associated. Although it is difficult to disentangle the independent effects of the 
variables, the CCA shows that P. janae’s ecology is distinct from the other 
dominant species and its frequency correlates with high SATs, indicating a 
warmer water affinity. Samples from the year 2010 (maroon circles) are in the 
opposite quadrant from the SAT vectors and P. janae, consistent with colder 
water temperatures in 2010. Samples from 1994  (light gray circles) cluster 
together indicating the dominance of S. bradii and N. leioderma, which, in that 
year, represented 36% and 49% of the total ostracode population, 
respectively. C. macchesneyi, a species that can tolerate reduced salinity, 
shows a correlation with a few samples from 1977 and 1976 (pink and moss 
green circles) that are located in lower salinity waters of Norton Sound. 
Samples from 2010 (maroon circles) also contained a higher percentage of C. 
macchesneyi compared to past years. Data corresponding to N. leioderma is 
centrally distributed in the plot, meaning that it is abundant in most of the 
samples in most of the years. According to the eigenvalues, axis one (80%) 
and axis two (15%) account for a combined 94% of the variance in this 
analysis. 
 
Figure 2.7. The Chukchi Sea ostracode species assemblages in 2009 and 





population. In 2009, eight samples yielded 361 ostracode specimens and in 
2012, eight samples yielded 837 specimens. 
 
Figure 2.8A-D. Contour plots comparing species abundance in cold years 
(1994 and 1999) vs. warm years (2001-2006) north and south of St. 
Lawrence Island. Maps (top) show central-northern Bering shelf study area 
and locations of samples (blue dots) in the years represented. Contour plots 
show abundance of key taxa in south-north cross sections to depict the 
changes in major species abundance during these ocean-atmosphere shifts. 
Two assemblages are present; one dominated by Arctic species (N. 
leioderma and S. bradii) in colder years, another with significant numbers of 








Chapter 1: Environmental Factors Influencing Bering and 




During the past few decades, the Bering and Chukchi Seas have experienced 
increases in temperature, freshwater content, primary productivity (Chukchi 
Sea) and reductions in the length of the sea-ice season and primary 
productivity (Bering Sea), and overall changes in continental shelf ecosystem 
structure and carbon cycling (Grebmeier et al., 2006a, 2010, 2011; 
Grebmeier, 2012; Arrigo et al., 2011; Brown et al., 2011). Dramatic changes 
in ice extent have been observed in the Arctic Ocean (Stroeve et al., 2008), 
particularly north of the Bering Strait in the Chukchi Sea, where extreme sea-
ice retreats from 2007 through 2009 lengthened the open-water season in fall 
by about four weeks (Grebmeier et al., 2010). Sea-ice loss has been 
especially significant along the Chukchi shelf margin (Steele et al., 2008). In 
the Chirikov Basin, in the northern Bering Sea (the shelf bounded by St. 
Lawrence Island to the south, the Chukotka Peninsula to the west, the Yukon 
Delta to the east and the Seward Peninsula and Bering Strait to the north)  
 sea-ice cover has decreased significantly from 1979 to 2009, resulting in 25 





Biological observations in these areas have documented changes in species 
composition and northward range extensions for zooplankton, bottom-
dwelling organisms and fish that may collectively signify a large, climate-
driven ecosystem reorganization (Mueter and Litzow, 2008; Grebmeier, 
2012). In the Bering and Chukchi Sea region, ecosystem reorganization (also 
called a regime shift, Hare and Mantua, 2000; Bluhm and Gradinger, 2008) 
may be related to changing seasonal sea-ice conditions, which can alter 
benthic-pelagic ecosystem processes and cause a cascade of consequences 
through the food web (Grebmeier et al., 2006a). For example, the timing of 
spring sea-ice retreat from the continental shelf is thought to influence the 
timing of the spring phytoplankton bloom (Hunt and Stabeno, 2002; Hunt et 
al., 2002).  Under this scenario, a longer ice season (later spring sea-ice 
retreat) causes an earlier ice-associated phytoplankton bloom, which in turn 
affects the vertical deposition of plankton debris to benthic ecosystems. In 
contrast, a shorter ice season (earlier spring retreat) is associated with a later 
spring phytoplankton bloom. A later bloom is better timed with zooplankton, 
which provide high grazing pressure on phytoplankton and, in turn, support 
higher trophic level secondary production at the expense of benthic species. 
Evidence for an ecosystem reorganization is also provided by biological 
restructuring of the composition and distribution of organisms, such as those 
observed in recent changes in Arctic benthic biodiversity, community 
composition, biomass, and range expansions (Bluhm and Grebmeier, 2011; 






This work is the first to analyze benthic ostracode assemblages from 
sediments of the northern Bering and Chukchi Seas. Samples were collected 
during a number of recent and prior research cruises extending back to the 
1970s (Figure 1.1). Ostracodes, as meiobenthic, bivalved Crustacea, have 
several distinct advantages for retrospective ecosystem study. Their calcium 
carbonate shells are preserved in marine sediments enabling species 
identification from shell morphology, even after their soft parts decompose. 
An example of an ostracode carapace (Figure 1.2A) illustrates typical 
preservation states upon which identifications can be based. Chitinous 
appendages (Figure 1.2B) are commonly preserved when a specimen was 
alive at the time of collection (e.g. in a benthic grab sample). Unlike 
macrofaunal species, which cannot be enumerated quantitatively in sediment 
cores because of their size and scarcity, adult ostracodes range in size from 
0.5 mm to 2 mm and can be quantified in small samples available from 
individual grab and/or core samples. Moreover, marine ostracode species 
have biogeographical and ecological limits controlled by temperature, salinity, 
or nutrient/food availability (Stepanova et al., 2007; Cronin et al., 2010a; 
Yasuhara et al., 2012b). Consequently, they have been used extensively in 
paleoecology and paleoclimatology to document climatically driven changes 
in ocean temperature, circulation, salinity, and ocean productivity (e.g. Cronin 
and Raymo, 1996; Didié and Bauch, 2000; Cronin et al., 1994, 2005, 2010b; 






I describe here the environmental factors controlling the distribution of Bering 
and Chukchi Sea ostracodes, providing species-specific examples, based on 
new analyses of bottom samples. A chapter to follow (Chapter 2), more 
specifically analyzes temporal changes in ostracode assemblages and ocean 
temperature, with emphasis on the northern Bering Sea during the period 
1976-2010. For this study, species assemblages were identified for 225 
surface sediment samples from the northern Bering Sea collected from 1976-
2010 and 16 from the Chukchi Sea sampled from 2009-2010 (Figure 1.1). 
Species percent abundances (proportion of total ostracode assemblage) were 
calculated for each sample from species census data (Appendix 1A and 1B).     
 
Biogeography of Arctic and Subarctic Ostracodes 
 
On large spatial scales, the latitudinal distributions of continental shelf 
ostracode species are controlled largely by ocean temperature requirements 
for survival and/or reproduction (Hazel, 1970).  This is due to the fact that 
continental shelves are located above the permanent ocean thermocline 
(typically 30 to 200 m water depth in low latitude oceans), and experience 
seasonal temperature variability to which individual species are adapted.  For 
example, along eastern North America, the largest temperature-controlled 





Cape Hatteras, North Carolina where a steep ocean temperature gradient 
reflects the influence of the warm Gulf Stream flowing from the southwest and 
the cool shoreward current flowing from the north (Hazel, 1970). Ocean 
temperature also controls the distribution of ostracode species along the west 
coast of North America from Baja, California to the Gulf of Alaska (Valentine, 
1976; Brouwers, 1988a, b).  Because of these gradients, I also expected to 
observe community changes in the Bering Sea, where a fairly strong 
northwest-to-southeast surface temperature gradient also exists (Figure 1.3).  
 
Ostracode species adapted to extremely cold temperatures inhabit circum-
Arctic continental shelf regions. For the purposes of the following discussion, 
the term circum-Arctic refers to high latitude, northern hemisphere continental 
shelf regions (less than 100 m water depth) that include the Kara, Laptev, 
East Siberian, Chukchi, Beaufort and Bering Seas. Prior taxonomic, 
ecological and biogeographic studies of Arctic ostracodes include Sars (1866, 
1922-28), Elofson (1941), Neale and Howe (1975), Joy and Clark (1977), 
Cronin (1981; 1988), Whatley (1982), Penney (1989), Hartmann (1992), 
Whatley and Coles (1987), Stepanova and colleagues (2003; 2004; 2006; 
2007) and Schornikov and Zenina (2006). These data have been used in 
numerous paleoecological studies of the Arctic Ocean (e.g. Clark et al.,1990; 
Brouwers et al., 1991; Cronin et al., 1993, 1994, 1995, 2010b; Valentine, 
1976; Brouwers 1988a, 1988b). This current study takes advantage of the 





distirubutions reflect large-scale, climate-driven changes are occurring in the 
Bering-Chukchi region since the 1970s.  
 
Environmental Factors Affecting Arctic and Subarctic Ostracode 
Abundance and Range  
Many physical, chemical and biological factors influence the distribution of 
benthic marine ostracodes both globally across climate zones and locally, 
within a particular region.  In this chapter, I will first present a comparative 
biogeographic analysis of assemblages from Bering samples (Figure 1.1) 
integrated with previously documented assemblages from Arctic continental 
shelves (shown in Figure 1.4). 
 
Detrended Correspondence Analysis (DCA) of ostracodes from the 
Bering, Chukchi, Beaufort, Laptev, and Kara Seas  
 
A detrended correspondence analysis (DCA) was conducted using PAST 
(PAleontological Statistics; Hammer et al., 2001) to compare Bering Sea 
assemblages with those from circum-Arctic continental shelves. The 
multivariate DCA technique analyzes for similarities among samples based on 
species percent abundance. Correspondence analyses are commonly used 





relationships (Radi and deVernal, 2008; Park and Cohen, 2011). The first two 
axes of the DCA illustrate the similarities and differences between the Bering 
and Chukchi assemblages and those from other Arctic continental shelves 
(Figure 1.5). A total of 306 samples containing 43,220 ostracode specimens 
were used in the DCA. Samples with <20 specimens and samples with from 
water depths ≥200 m were excluded to limit the analysis to relatively shallow 
water depths.  
 
The plot of the first and second principal components, which accounts for 
51% of the variance, shows that Kara and Laptev Sea samples are similar in 
ostracode assemblage composition (Stepanova 2003; 2007), that most 
Beaufort (green circles) samples group separately from the Laptev and Kara 
Sea samples and that most Chukchi samples (red circles) group with Laptev-
Kara samples or are intermediate between those from the Bering and Laptev-
Kara Seas.  Additionally, the plot indicates separation between two groups of 
the Bering Sea samples, hereafter termed “Bering B” and “Bering A” (Figure 
1.5). Bering A samples plot low on axis two due to larger proportions of 
Normanicythere leioderma and Sarsicytheridea bradii. Together these two 
species comprised up to 94% of the total Bering Sea ostracode assemblage 
during colder years between 1976 and 2010 (Chapter 2). They were less 
common during years in which northern Bering Sea summer bottom 
temperatures were >0-2˚C.  S. bradii, which reaches >50% of the community 





maximum in 2009 and 8.4% in 2010) as was N. leioderma (0.8% in 2009 and 
11% in 2010). In contrast to the Beaufort Sea and Chukchi Sea where it is 
common (17% in 2009 and 16% in 2010; Chapter 2), Paracyprideis 
pseudopunctillata comprised only 2% of the total Bering Sea assemblage. 
The Bering B group contained larger proportions of Semicytherura 
complanata in samples collected in 2006 and 2009.  
 
The DCA shows that Bering Sea assemblages are transitional from those 
from the shelf regions of the Arctic Ocean proper. Results indicate that the 
Bering Sea samples differ from the Arctic samples in having larger 
proportions of N. leioderma and S. bradii and much lower proportions of P. 
pseudopunctillata. There were no sharp boundaries among the sample 





The ocean temperature regimes of the Bering and Chukchi Seas appear to 
strongly influence the composition of ostracode assemblages living in each 
region, which are dominated by species adapted to Arctic and subarctic 
climates. Mean September and January sea-surface temperatures (SST) 





approximate freezing point of seawater) in January (Figure 1.3). Summer 
bottom water temperatures in the Bering Sea range from about 0.7°C to 
almost 4°C since 1982, and even warmer along the coast due to the influence 
of Alaskan Coastal water. In the central Chukchi Sea, mean September and 
January SSTs are 1-2°C and -1.7°C, respectively, and are mostly sea-ice 
covered. Near shore, September temperatures can reach 2-4°C and higher in 
coastal estuaries. 
 
The temperature sensitivity of ostracode species is illustrated by the 
geographic distributions of two species within the Bering Sea (Figure 1.6). 
The circum-Arctic species P. pseudopunctillata is common (25-30%) only in 
the northern most Bering Sea near the Bering Strait (63-64°N latitude). In 
contrast, the temperate species Pectocythere janae is primarily distributed 
near latitude 62°N, south of St. Lawrence Island where it was found mainly 
during relatively warm years in the early 2000s. Its presence in the central 
Bering Sea reflects its northernmost geographic range limit, with the important 
exceptions of its occurrence in very low numbers along shallow margins of 
the East Siberian and Beaufort Seas in sediments only collected in 1979-
1980. In the Chukchi Sea samples studied here, P. janae comprised 7.8% of 
the total assemblage in 2009, and 5.1% in 2010. These occurrences may 
represent a recent range extension from the southwest Bering Sea through 
the Bering Strait, but additional samples are needed to confirm this species 





P. janae inhabits the Bering Sea and the margins of the western Arctic Ocean 
only periodically in waters with temperatures exceeding about 0-2°C. 
 
In contrast to the Bering Sea, the dominance of circum-Arctic cryophilic 
species, such as P. pseudopunctillata in the Chukchi Sea, reflects an 
assemblage suited to live at annual temperatures remaining <~+2°C, except 
along coastal margins. P. pseudopunctillata also dominates the Laptev Sea 
assemblages, sometimes representing up to 80% of the total assemblage.  
 
S. bradii is another species adapted to cold temperatures (Figure 1.7). 
Samples from relatively cold years of 1994 and 1999 (Figure 1.7A) and 2009 
and 2010 (Figure 1.7C) contained abundant S. bradii, sometimes reaching 
50-80% of the assemblage. In contrast, samples from warmer years of 2001-
2006 (Figure 1.7B) show its abundance declined to <10% of assemblage in 
almost all samples.   
 
Spatial and temporal patterns in Bering and Chukchi ostracode assemblage 
variability are challenging to interpret because of large changes in 
temperature and sea ice during the past few decades. For example, the 
northern Bering Sea shelf has experienced significant sea surface warming, 
particularly in fall and summer, since 1982 (Brown et al., 2011).  Similarly, 
there is considerable evidence for changes in Pacific Water influx and heat 





temperature variability in the Western Arctic Basin (Polyakov et al., 2011), 
and increasing Chukchi Sea temperature (Belkin, 2009) during the past few 
decades. Moreover, climate model simulations predict continued warming in 
both the North Pacific and Arctic. According to Wang et al. (2012), air 
temperature increases will be most significant in late fall (November to 
December) for both the Chukchi and Bering Seas, with increases by 2050 of 
3°C for the Bering Sea and increases in excess of 5°C for the Chukchi Sea.  
Consequently, continued changes in air and ocean temperature, sea-ice 
extent and duration can be expected to continue to alter Bering and Chukchi 





In the Arctic Ocean, ostracode assemblages along the coastal margins of the 
Kara and Laptev Seas show the strong influence of salinity, which varied from 
< 5 to > 32 due to freshwater influx near the mouths of the Ob', Yenisei and 
Lena Rivers (Stepanova et al., 2007). Brouwers (1988a) also found that 
salinity influenced ostracode assemblages in Gulf of the Alaska. In the central 
Bering Sea, salinity variability is relatively small (31-33) compared to that in 
coastal zones such as Norton Sound area, where salinities can range as low 





Cytheromorpha macchesneyi and P. pseudopunctillata were common in 
some samples from the Norton Sound area in the eastern part of the study 
region (Figures 1.9A and 1.9B). Both species are known to tolerate low and 
fluctuating salinities near and in Arctic estuaries, fjords and other runoff-
influenced coastal zones. The influence of lower salinity in coastal zones was 
also reflected in the distribution of C. macchesneyi and P. pseudopunctillata, 
which is shown in cross section from the Beaufort Shelf to the Bering Sea-
Norton Sound area (Figure 1.10).  These species are only found in shallow 
water, near coastal regions because they tolerate lower salinities. Their 
distributions best coincide with coastal waters associated with the Alaska 
Coastal Current. In contrast, P. janae and S. complanata, two stenohaline 
species, were more common where salinity is relatively constant, further to 




Herman et al. (1999) showed a dependence of benthic biomass on the 
magnitude of the spring phytoplankton bloom in many shallow, well-mixed 
estuarine systems such as Chesapeake Bay, San Francisco Bay, Bay of 
Fundy, Columbia River estuary, and Ems estuary (Wadden Sea). However, 
very few studies of shallow water marine ostracodes have examined the 





Steineck et al. (1985) and Yasuhara et al. (2009) are exceptions and noted 
that some benthic ostracode species are influenced by surface productivity. I 
found that the abundance of the cryophilic species N. leioderma declined with 
increasing SSTs and decreasing productivity, whereas abundance of P. janae 
increased with warmer SSTs and higher productivity (Figures 1.11A and 
1.11B).   
 
A possible relationship between these species and productivity is apparent in 
plots of percent abundance of N. leioderma (Figure 1.12A) and P. janae (12B) 
against satellite based estimates of primary productivity that were estimated 
for the Inner Shelf, along the eastern Bering Sea by Brown et al. (2011). 
Since these satellite observations of surface productivity do not penetrate to 
subsurface chlorophyll, and are dependent upon color algorithms, these 
productivity trends may be underestimated or otherwise incorrect. However, if 
I assume that this data are generally representative of the broad shelf 
ecosystem, N. leioderma was most abundant during times of reduced 
productivity (r2=0.49). This is consistent with the known ecology of N. 
leioderma as a eurytopic species. In contrast, P. janae appeared to be more 
abundant during those years when productivity was higher (r2=0.63), 
consistent with its stenotopic specialization. For the other Bering Sea 
ostracode species analyzed, no apparent relationship was found between 
abundance and primary productivity, at least for the periods 1998-2010. 





would improve our understanding of species-productivity relationships.  
 
Primary Productivity and Species Diversity 
 
Another aspect of the Bering Sea ecosystem addressed here is the question 
of what factors control species diversity in Arctic and subarctic ostracodes. 
Despite representing a smaller collection in samples and temporal coverage, 
the Chukchi ostracode assemblage had higher species diversity than did the 
Bering Sea (28 versus 21 species). This is mainly because Chukchi 
assemblages included small but significant numbers (~2-10%) of several 
cryophilic circum-Arctic species (Elofsonella concinna, Finmarchinella 
angulata, Cluthia cluthae, Roundstonia globulifera, and several species of 
Cytheropteron). The difference in species diversity in the Bering and Chukchi 
assemblages could be due to several factors.  The continental shelf is a 
highly variable environment, and ostracode diversity is often low in regions 
where significant physical and chemical changes occur rapidly and/or 
frequently (Boomer and Eisenhauer, 2002).  According to Yasuhara et al. (in 
press), Arctic ostracode diversity is strongly affected by surface productivity, 
and seasonality of productivity in shallow Arctic marine environments. 
Therefore, productivity, in particular the timing, amount and length of primary 
production, may affect the benthos of the Bering and Chukchi shelves. 





and comes in a short pulse in May through July (Brown et al., 2011). Other 
older estimates of Northern Bering Sea production range even higher from 
250-470 g C m-2 yr-1 (Springer and McRoy, 1993; Springer et al., 1996). While 
Brown et al. (2011) also found that net primary production exhibited no clear 
long-term trend during the past several decades; annual production varied by 
year depending the duration of the ice season. Lee et al. (2011) have 
reported a recent decline in Bering Sea primary production in 2007 compared 
with the 1980s. The Chirikov Basin is the only area within the Bering Sea that 
is experiencing an increase in ice-free days, which may allow a longer 
productivity window. Sea-ice extent throughout the rest of the Bering shelf is 
not in decline. While there is a clear connection between sea ice break-up 
and primary production in the spring, the influence of earlier sea-ice retreat in 
the northern Bering Sea upon water column productivity is difficult to 
anticipate due to interconnected complexities such as water column mixing 
from winds (Cooper et al., 2012).  
 
In contrast, the Chukchi Sea spring sea-ice retreat over the past several 
decades, has been consistently earlier and fall sea-ice formation consistently 
later, which produces a longer season to support primary productivity (Arrigo 
et al., 2011). Mean annual primary productivity in the southern Chukchi Sea 
ranged from 80-840 g C m-2 yr-1 in certain “hot-spot regions” in the 1990s 
(Springer and McRoy, 1993; Springer et al., 1996). Generalized satellite 





period from 1998 to 2009 (Frey et al., 2011).  
 
Therefore, with the open water season available to support primary 
productivity lengthening in the Chukchi, it is reasonable to assume that 
additional organic carbon is reaching the seafloor and it may influence the 
benthic community, including ostracodes. The species-energy hypothesis 
suggests that biodiversity is positively correlated with productivity because 
more productive ecosystems can sustain more individuals (Gaston, 2000). If 
the Bering Sea’s primary productivity is declining, it may in part explain the 
lower ostracode species diversity observed in the Bering. Increasing 
productivity may be one explanation for the Chukchi Sea’s greater ostracode 
species diversity. However, the underlying mechanisms impacting ostracode 
diversity are complex, and ecological preferences of individual taxa and 
oceanographic characteristics of a particular region all likely play a role. 
Furthermore, this analysis is cursory because a far greater number of Bering 




As an initial effort to examine the effects of recent climate and oceanographic 
changes in the northern Bering and Chukchi Seas on ostracode 





conclusions. First, the spatial distributions of ostracode species in the Bering-
Chukchi region appear to be controlled by ocean temperature, and to a lesser 
extent salinity (in Norton Sound) and productivity (for selected species such 
as P. janae).  Second, decadal changes in the benthic meiofauna in the 
Bering Sea during the past 35 years were most likely caused by ocean 
temperature, sea-ice cover and related ecosystem changes. Results 
presented here also provide baseline data on species distributions and 
diversity that can be used in future studies assessing Arctic and subarctic 
ecosystems and their response to climate change. The following chapter, 
Chapter 2, will expand the discussion of temperature as the primary factor 
controlling Bering Sea ostracode abundance and geographic distribution by 
exploring the changes in dominant species’ abundance together with 





















































Figure 1.1. Location of sediment samples used in the present study of benthic 
ostracodes and areas discussed in the text by year: Chukchi Sea, Bering Sea, 











Figure 1.2.  Scanning electron photo of Arctic ostracode Henryhowella cf. asperrima, 
adult female, right valve (1.2A) and general anatomy of a Podocopid ostracode (1.2B). 
[Photo courtesy of Moriaki Yasuhara and illustration courtesy of David Horne as 











 Figure 1.3. September (1.3A) and January (1.3B) sea-surface temperatures (SST) representing mean summer and winter temperatures, respectively. Maps are web-based 
products from the U. S. National Oceanic and Atmospheric Administration National 







Figure 1.4. Map showing locations of circum-Arctic continental shelf ostracode samples 
used in comparative biogeographic analysis of Bering and Chukchi Sea ostracode 
assemblages.  


















Figure 1.5. Detrended correspondence analysis (DCA) comparing Bering and 
ostracode assemblages with those from circum-Arctic shelves shown in Figure 1.4 
(n=306, 43,200 specimens). This representation illustrates how ostracode 
assemblages in near-shore marine Arctic environments differ from northern Bering 
Sea assemblages. Colored circles represent sample locations: Bering (blue dots), 
Chukchi (red dots), Beaufort (green dots), Laptev (yellow dots), and Kara (black 
dots). “Bering A” sample group plots low on axis two and includes larger 
proportions of N. leioderma and S. bradii, while “Bering B” group contains larger 
proportions of S. complanata represented in 2006 and 2009 samples. There are no 
sharp boundaries among the samples; the gradations between the samples are due 
to differences in years collected and the geographically varied salinity and 
temperature regimes of the regions. (Samples with <20 specimens and samples 
































Figure 1.6. Percent abundance and latitudinal distribution of circum-Arctic species P. 
pseudopunctillata and temperate species P. janae in the Bering Sea. P. 
pseudopunctillata is common only in the northern most Bering Sea near the Bering 
Strait (63-64°N latitude), where it likely migrates from the Beaufort Sea region.  In 
contrast, the temperate species P. janae is primarily distributed near latitude 62°N, 
south of St. Lawrence Island where it presumably migrates north from the Gulf of 















Figure 1.7. Abundance of S. bradii during three intervals showing the principal 
temperature control of its abundance. Samples are denoted by the blue dots on the 
respective maps, from relatively cold years of 1994 and 1999 (1.7A) and 2009 and 
2010 (1.7C) show its abundance increases to sometimes 50-80% of the assemblage. 
In contrast, samples from the warm years of 2001-2006 (1.7B) show its abundance 








Figure 1.8. Salinity in the Bering Sea and Norton Sound region in September 2009. 




























































































Figure 1.9. Longitudinal distribution of P. janae and C. macchesneyi in the Bering 
Sea (1.9A), showing P. janae is most abundant in the southwestern part of the study 
region, while C. macchesneyi is abundant in the central and eastern (Norton Sound) 
regions. Longitudinal distribution of S. complanata (southwest region) and P. 
pseudopunctillata (Norton Sound) (1.9B).  The latitudinal distribution of S. bradii and 
N. leioderma, the two most common species in the northern Bering Sea, shows that 
occur together and this reflects their eurytopic ecology (1.9C). Plots are based on 










Figure 1.10. Contour plots of distribution, depth and abundance of P. pseudopunctillata 
(1.10B) and C. macchesneyi (1.10C) along a transect of the of the northern 
Bering/Chukchi/Beaufort Sea (outlined in red) (1.10A, map). Transect runs from the 
northern Bering to Chukchi and then into the Beaufort Sea. Blue dots on map show a 
700-surface-sample ostracode database combined with Bering Sea samples from the 
current study (Figure 1.1). The distributions of C. macchesneyi and P. pseudopunctillata 
appear to be influenced by the Alaska Coastal Current, which flows along the western 
Alaskan coast into the Chukchi and Beaufort Seas. The abundance P. pseudopunctillata 
is a dominant species along the coasts of the Chukchi-Beaufort Sea representing on 
average 40-80% of the assemblage. C. macchesneyi is common (>30% of assemblage on 









































































Figure 1.11. Summer sea-surface temperature (SST) from the Chirikov Basin and 
Inner Shelf regions (1.11A) plotted against percent abundance of P. janae and N. 
leioderma since 1998 (1.11B).  Primary productivity in the Inner Shelf (1.11C) is 
plotted from 1988 to 2009. (SST and primary productivity data courtesy of Zach 
Brown as presented in Brown et al., 2011. I define the Inner shelf region (<50 m 
depth) to include the Eastern Bering shelf and the Gulf of Anadyr (bounded by Cape 






















































Figure 1.12.  Percent abundance of N. leioderma (1.12A) and P. janae (1.12B) plotted 
as a least-squares fit regression against primary productivity as measured in the 
Inner shelf of the eastern Bering Sea. N. leioderma is significantly more abundant as 
productivity is reduced (r2=0.49).  In contrast, P. janae abundance is correlated with 






Chapter 2: Temporal Changes in Benthic Ostracode 
Assemblages in the Northern Bering and Chukchi Seas 




As surface temperatures rise in the Arctic Ocean and sub-polar seas, satellite 
observations document a corresponding reduction in the extent, thickness, 
and duration of seasonal sea-ice cover (Stroeve et al., 2008). In recent years, 
Arctic multi-year ice has declined by almost 50% in extent, and fall freeze-up 
occurs later in the year (Serreze et al., 2007; Stroeve et al., 2008). Model 
results indicate these trends will continue, and that the Arctic Ocean might 
become predominantly ice-free in summer in a few decades (Wang and 
Overland, 2009). These sea-ice retreats have been particularly dramatic in 
the Arctic Ocean just north of the Bering Strait; sea-ice retreats in 2007 and 
2009 lengthened the open-water season by about four weeks (Grebmeier et 
al., 2010).   
 
While these patterns of sea-ice decline are well documented, much less is 
known about the responses of biological communities to ice cover changes. 





continental shelf, the Chirikov Basin of the northern Bering Sea, and the area 
south of St. Lawrence Island (Figure 2.1).  Ostracodes are environmentally 
sensitive, and water temperature is one of the most influential factors 
controlling species’ reproduction, survival and geographic distributions 
(Hutchins, 1947; Smith and Horne, 2002). I sought to determine whether the 
recent changes in temperature and ice cover have affected species 
distributions. To the best of my knowledge, this is the first published report on 
modern ostracode fauna from the northern Bering shelf. Adjacent areas 
where ostracode data are available include the Chukchi/Beaufort Seas (Joy 




The Bering and Chukchi Seas are among the world’s most seasonally 
productive ecosystems, supporting high, seasonal primary productivity that 
exceeds 1 g C m-2 d-1 during the spring bloom (Brown et al., 2011), diverse 
invertebrate, fish, seabird, and marine mammal populations (National 
Research Council, 1996). Two-thirds of the Bering Sea is made up of an 800-
km wide continental shelf to the north and east, which ranges in depth from 
10-50 meters deep (Figure 2.1). This shelf continues through the Bering Strait 






The Bering Sea is located in a transition region between a generally cold, dry 
Arctic air mass to the north and moist, relatively warm air to the south 
(Mantua and Hare, 2002). Hunt and Stabeno (2002) concluded that 
southeastern Bering Sea climate is jointly influenced by both the Pacific 
Decadal Oscillation (PDO) and the Arctic Oscillation (AO).  The PDO is a 
multi-decadal pattern of Pacific climate variability involving air-ocean 
interactions that create current and sea surface temperature changes in the 
North Pacific (Mantua and Hare, 2002). In contrast, the northern Bering Sea, 
which I define as the shelf north of St. Matthew Island, and the Chukchi Sea 
are more directly influenced by the AO (Grebmeier et al., 2006a; 2006b). The 
state of the AO is determined by the atmospheric pressure gradient in the 
high Arctic, and it alternates between negative (high pressure over the North 
Pole) and positive (low pressure) modes. This coupled air-sea interaction is 
closely linked to the strength and position of the Beaufort Gyre in the Arctic 
Ocean. From 1989 to 2006, the AO was predominantly in a positive mode, 
causing lower Arctic air pressure and higher sea-to-air temperatures in the 
Arctic (Overland et al., 2008). NOAA’s Climate Prediction Center 
(http://www.cpc.ncep.noaa.gov/) indicates that the AO has been in a negative 
mode the past two years but has exhibited an overall positive trend since 
1990. 
  
These air-sea interactions and, possibly also anthropogenic factors, have 





the North American Arctic over the last several decades (Overland et al., 
2008; Serreze et al., 2007). Circulation in the Bering and Chukchi Seas is 
influenced by three northward flowing water masses arrayed east to west: 
less saline Alaska coastal water; a mixed, more saline water mass to the 
west; and a seasonally cold and even more saline Anadyr water mass further 
to the west (Stabeno et al., 2007; Belkin et al., 2009). As these water masses 
extend into the Chukchi Sea, the differences between the mixed shelf water 
and Anadyr water become less distinct; there are also differences in 
temperature and salinity depending upon when the water passes through 
Bering Strait.  
 
One example of ongoing change being observed is that the Chirikov Basin 
gained ~25 annual days of open water during the past 25 years (Figure 2.2). 
This has changed not only the timing of when primary productivity peaks but 
may also increase production due to a longer, sustained bloom (Brown et al., 
2011; Arrigo et al., 2008). It is expected that continued warming and sea-ice 
change will impact biological communities with cascading consequences 
through the food web (Grebmeier et al., 2012; Mueter and Litzow, 2008).  
 
Despite these expected and observed changes in the northern Bering Sea 
and Chukchi Sea, it is important to note that similar sea-ice changes are not 
being consistently observed further to the south. In winter, the southern 





March, but sea ice is in part uncoupled from sea-ice retreat to the north 
because of the semi-enclosed nature of the marginal sea. Ice duration in the 
southern Bering Sea and along the Inner Shelf, although varying from year to 
year, has not consistently changed over the time period (1976-2010) I 
consider here (Figure 2.2; Brown et al., 2011). (The Inner shelf region is 
defined to include the Eastern Bering shelf adjacent to Alaska and the Gulf of 
Anadyr, bounded by Cape Navarin to the south, St. Lawrence Island to the 
east, and Cape Chukotskiy to the north.)  
 
Materials and Methods 
Ostracode Sampling 
 
A total of 225 northern Bering Sea surface sediment samples containing 5972 
ostracode valves and carapaces were collected during a number of cruises 
from 1976-2010 (Table 2.1). Most samples came from the central and 
northern Bering Sea continental shelf, with additional samples also from 
Norton Sound in 1976-78 (Figure 1.1). The 1977 cruise also included 
sampling locations in the Chirikov Basin.  Sixteen surface sediment samples 
from the Chukchi shelf contained 1198 specimens. Samples were from water 
depths ranging from 10 to 110m and were taken from the top of Van Veen 






Sediments ranged from muddy or silty clay to sandy. Ostracodes were 
generally more abundant in silty clay sediments than in coarser sandy 
sediments, which likely results from lower deposition in more 
hydrodynamically active areas.  
 
Ostracode assemblages preserved in continental shelf surface sediments can 
typically represent the fauna living at or near the time of collection (with a few 
exceptions, this study involved spring and summer cruise collections). 
Sometimes the shells of molts or dead specimens from prior years are also 
recovered. In the case of Bering Sea ostracodes, most assemblages included 
adult specimens and juvenile molts, and 60% of the specimens were 
articulated carapaces, or carapaces with chitinous appendages. A few 
samples contained Rose Bengal-stained specimens, a stain that is absorbed 
by cell cytoplasm to help distinguish specimens that were alive at or near the 
time of collection. Because the stain highlights physical structures, specimens 
can be viewed more clearly under microscopic magnification. Some reworked 
specimens from prior years, identified by broken or abraided specimens, are 
to be expected in a continental shelf setting; however, in our samples, 
reworked specimens were relatively rare. Thus, I consider the faunal data 
presented here to be representative of the time of collection and useful for 








Ostracodes were separated from 20 to 100 g sediment aliquots by washing 
the samples with tap water through a 63 µm sieve. Samples were then dried 
in a convection oven at 50˚C for 12 to 24 hours. The >63 µm size fraction 
includes adults and most juvenile molts of all species. Ostracodes were 
removed from the >125 µm sediment size fractions with a fine, damp brush 
under a light microscope and placed on a slide. Because early instars can be 
the same size as sand grains, it is typical that the >125 µm size fraction is 
used for analysis (Cronin et al., 2011). Species were identified primarily 
following the taxonomy and scanning electron microscope (SEM) imagery 
provided in Stepanova et al. (2007 and 2010) and Brouwers (1990, 1993, 
1994).  Identification is based primarily on physical features such as carapace 
morphology (shape and size), pore size, and pore distribution, hinge 
characteristics, and shell ornamentation. 
 
The relative abundance (or relative frequency) of each species was 
expressed as a percentage of the total assemblage. Percentage abundances 
were computed by dividing the number of individual species found in each 
sample by the total number of specimens found in that sample and then 
multiplying the result by 100 to convert to percent. Relative abundance is a 
valid measurement to detect differences in populations and is considered the 





1971). An assumption of this method is that changes in ostracode species 
abundance are attributable to physical and chemical changes in the 
environment, as these factors have the greatest large-scale control on 
species. Density was calculated by dividing the total number of ostracode 
specimens found in each sample by the dry sediment weight (grams) of that 
sample. However, abundance per dry gram is highly variable depending on 
many factors, such as sediment grain type, time of year and individual 
species environmental preferences 
 
Sources of Temperature and Sea-ice Data 
 
Mean summer Sea Surface Temperature (SST) data (1982–2009) for the 
Chirikov Basin and Inner Shelf regions are based on satellite data from the 
Reynolds Optimum Interpolation SST (OISST) Version 2 product, which is 
derived from the Advanced Very High Resolution Radiometer (AVHRR) 
platform at 0.25° resolution. “Summer” is defined as July, August and 
September. Annual mean Bering Sea summer bottom water temperatures 
(BWT) and May SST (Figure 2.5A) were obtained from the Bering Climate 
and Ecosystem data archive (http://www.beringclimate.noaa.gov/data/).  BWT 
data were collected from bottom trawl surveys across the eastern Bering Sea 
shelf from early June to early August, during the years 1982–2007. The 





stations gridded at roughly 20 nautical miles distance (248–317 stations/yr).  
 
The May SST data used were collected in the southeastern Bering Sea (54.3-
60.0°N, 161.2-172.5°W), which is probably the best long-term regional water 
temperature data set that is available. These data are summarized from the 
NCEP/NCAR Reanalysis project (Kalnay et al., 1996). Index values of the 
data are defined as deviations from the mean value (2.48°C) for the 1961-
2000 period normalized by the standard deviation (0.73°C). The northern and 
southern Bering have different temperature histories, with more recent 
seasonality in the north due to greater surface warming from the influence of 
Alaska Coastal water. Although this southeastern Bering record does not 
precisely reflect the temperatures at our study area, it is the best available 
annual spring-summer record and represents regional temperature patterns 




All statistical tests were performed with PAST (PAleontological Statistics; 
Hammer et al., 2001) PAST is a comprehensive statistics package that runs a 
range of standard numerical analysis and operations used in quantitative 
paleontology and many fields of earth science. Several multivariate 
techniques (cluster, detrended correspondence and canonical 





for patterns in this large data set. 
 
Results  
Bering Sea assemblage composition 
 
A total of 21 species (Figure 2.3) were identified in the Bering Sea 
representing a mixture of Arctic and subarctic species.  The dominant taxa 
identified were Normanicythere leioderma, Sarsicytheridea bradii, 
Semicytherura complanata, and Pectocythere janae (provisionally called 
Kotoracythere arctoborealis, per E. Schornikov and W. Briggs, Jr., personal 
communication).  While varying from year-to-year, these four species 
cumulatively comprised 72% of all specimens identified. During the 34-year 
time span of this study, average ostracode density was 3.18 specimens per 
gram of dry sediment. The number of individuals fluctuated widely from 
sample to sample, from a few specimens to several hundred.  
 
I performed a cluster analysis to sort species with similar patterns of 
abundance into separate groups (Figure 2.3). Using all samples (n=225), a 
dendrogram grouped the two most dominant species, N. leioderma and S. 
bradii, as a single separate node, based upon similar abundance patterns. 
Another cluster is linked from this one node to include a second grouping, 





Paracyprideis pseudopunctillata. P. janae and Cytheromorpha macchesneyi 
also grouped together. Finally, several relatively uncommon species clustered 
together including Cytheropteron elaeni and Robertsonites tuberculatus. 
 
Distributions of dominant taxa in the Arctic Ocean and North Pacific 
 
The dominant taxa I found in the northern Bering Sea have been identified 
living in other areas of the Arctic, as well as subarctic and temperate regions. 
I used the ~700-sample Modern Arctic Ostracode Database (Cronin et al., 
2010a; 2010b) collected over the past 50 years to provide some context for 
our collections.  N. leioderma, S. bradii and S. complanata are typically 
circum-Arctic in distribution on continental shelves along the Chukchi-
Beaufort and Laptev-Kara Sea margins (Figures 2.4A-C). The single most 
dominant species observed in all years in the northern Bering Sea (except 
2004, where only limited samples were available) was N. leioderma. It also 
occurred with less frequency in the Chukchi-Beaufort Sea region at water 
depths of 10 to 80 m, comprising up to 30% of the ostracode fauna. S. 
complanata is relatively rare in the western Beaufort and Chukchi Sea and is 
more common along Siberian shelves (Stepanova et al., 2007). S. bradii 
occurred in the Chukchi and Beaufort Seas, usually comprising between 20-
40% of the assemblage at depths of 0-50 m.  
 





subarctic regions in the Pacific Ocean, such as the Gulf of Alaska (Brouwers, 
1990).  P. janae inhabits the Bering Sea in varying abundances depending on 
the year, occurring in higher abundances during relatively warmer 
temperatures.  It has been reported in the high Arctic only in low numbers in a 
few samples in the western Beaufort Sea collected in 1969 and 1970 (Figure 
2.4D) and in the East Siberian Sea in Chaunskaya Bight Inlet, a warm 
refugium inhabited by a number of species common to the Bering Sea (E. 
Schornikov, personal communication, 2012). P. janae is absent in other parts 
of the East Siberian Sea (E. Schornikov, personal communication, 2012).  It 
has not been reported in the Laptev, Kara, Barents, Norwegian, or Greenland 
Seas. Although its precise temperature tolerance is not known, this species is 
clearly not a circum-Arctic, cryophilic species like others found in the Bering 
Sea assemblages, and is only found in the Bering and the Arctic (Chukchi-
Beaufort and Eastern Siberian Seas) during periods with warmer water 
temperatures.  
 
Temporal trends in Bering Sea indicator species  
 
I plot the relative proportions (percent abundance of each species out of the 
total assemblage) for four key species for each year in which samples were 
available from 1976-2010 (Figures 2.5B-E). These abundance data were 





were generated using the binomial methods of Buzas (1990). 
 
Normanicythere leioderma (Figure 2.5B) comprised 40-50% of the Bering 
assemblages in 1976-1977 before declining to 10% during warming in the late 
1970s/early 1980s.  N. leioderma increased in abundance during the 1980s 
and 1990s, peaking at >70% during the cold year of 1999.  This species 
decreased to a minimum in the early 2000s, as temperatures warmed 
between 2000 and 2005 and then increased again in abundance during the 
cooler period since 2006.  
 
Sarsicytheridea bradii  (Figure 2.5C) comprised between 8 and 60% of Bering 
Sea ostracode assemblages from 1976 until 2002, followed by a sharp 
decline in 2003-2006, apparently in response to warmer temperatures. The 
decline, however, lagged the near-immediate decline of N. leioderma by a 
year or two.  
 
Semicytherura complanata (Figure 2.5D) is in a genus that includes several 
related subspecies living in cold temperate to Arctic regions.  Bering Sea 
populations of S. complanata comprised <10% of assemblages during the 
late 1970s through 1999, followed by an increase to 30 to 40% during 2004 to 
2006. 
 
In contrast to some of the cryophilic species discussed above, P. janae was 





from 1976 through 1999 (Figure 2.6E).  During the interval 2001 to 2006, it 
increased to 10 to 30% of northern Bering assemblages as water 
temperatures increased. 
 
Canonical correspondence analysis for Bering Sea species 
  
A canonical correspondence analysis (CCA) is a standard form of 
correspondence analysis that allows environmental data to be incorporated 
into the analysis. It was used to examine the frequencies of ostracode 
species in relation to several environmental variables that may influence their 
overall abundance (Figure 2.6; Park and Cohen, 2011; Torres Saldarriaga 
and Martínez, 2010). The five most abundant species were evaluated in the 
context of the following variables: 1) surface air temperature (SAT) in the 
Chirikov Basin (Z. Brown, personal communication); 2) SAT along the Inner 
Shelf (Z. Brown, personal communication); 3) the Arctic Oscillation Index 
(http://www.beringclimate.noaa.gov/data/); 4) May SST in the southeastern 
Bering Sea (http://www.beringclimate.noaa.gov/data/), and 5) the number of 
open water days in the Chirikov Basin and Inner Shelf (Brown et al., 2011). 
Only samples containing  ≥20 total specimens (n=77) were used in this 
analysis (see Buzas, 1990). Considering that ostracode density was low (e.g. 
<200 specimens per sample), which is typical on continental shelves, I 





living in the area. A higher minimum cutoff would have eliminated a significant 
number of sites and precluded a regional characterization. This threshold best 
balances the competing demands of representative population and 
geographic coverage. I recognize that due to the low number of specimens, 
not all the rare species may be found, but the number of sediment samples 
(n=77, 4923 specimens) in the study vicinity provides a reasonable validation 
of general community composition. The 1978 data were excluded because 
those samples were collected at extremely near shore sites having much 
lower salinity.  
 
The CCA shows that the frequency of P. janae is associated with high SATs, 
indicating a distinct ecological niche for P. janae because of the high degree 
of separation within its own quadrant in the CCA plot. Samples from the year 
2010 (maroon circles) are in the opposite quadrant from the SAT vectors and 
P. janae, consistent with colder water temperatures in 2010. Samples from 
1994 (light gray circles) cluster together because in that year S. bradii and N. 
leioderma represented 36% and 49% of the total ostracode population, 
respectively.  A few samples from 1977 and 1976 (pink and moss green 
circles) are located in lower salinity waters of Norton Sound and 
correspondingly group with C. macchesneyi, a species that can tolerate 
reduced salinity. Several samples in 2010 (maroon circles) contained higher 
proportions of C. macchesneyi as well. Data corresponding to N. leioderma is 





samples in most of the years. 
 
Chukchi Sea ostracode assemblages  
 
In the Chukchi Sea, I identified a total of 28 species from 8 surface samples in 
2009 and 8 samples in 2010, representing a mixture of Arctic and subarctic 
species (Figure 2.7). The most abundant species in the Chukchi Sea were P. 
pseudopunctillata  (17% in 2009 and 16% in 2010) and S. bradii (27% in 2009 
and 8.4% in 2010). Although the Chukchi shelf has many species in common 
with the Bering Sea, N. leioderma was much less abundant in the Chukchi 
(0.8% in 2009 and 11% in 2010);  P. janae comprised 7.8% in 2009 and 5.1% 




During the 34-year time span of this study, I found that two primary 
assemblages inhabited the northern Bering Sea. One assemblage is 
dominated by Arctic species (e.g. N. leioderma, S. bradii), and the other has 
greater proportions of temperate-subarctic species (e.g. P. janae). These two 
end members are evident during the relatively cool years 1994 and 1994 and 
warm years 2000-2006 (Figures 2.9A-D). These data suggest that P. janae 





(Figure 2.6) further suggests that P. janae has a distinctly warmer 
temperature preference, as it plots in its own quadrant and is positively 
correlated with sea-air temperatures. I hypothesize that P. janae migrates into 
the Bering Sea in greater numbers during these warm periods. Likewise, in 
the two years of Chukchi Sea assemblage data, P. janae was found in low 
abundance, which may further signify its range expansion. During 2004-2006, 
S. complanata reached a maximum of 40% abundance of the total ostracode 
population, suggesting a preference for warmer water and/or minimal sea ice 
(Figure 2.5C). In contrast, N. leioderma and S. bradii decline in abundance in 
warm years (Figures 2.8C-D). These patterns support prior studies that show 
water temperatures are critical for survival and reproduction in many marine 
ostracodes (Hazel, 1970; Brouwers et al., 1988).   
 
This study also provides insight into the ostracode faunal composition of 
shallow, continental shelf areas in the Pacific subarctic and Arctic. The 
subarctic Bering Sea assemblage contains different dominant species than 
the Arctic assemblages in the Chukchi, Beaufort, Laptev and Kara Seas, 
which had many more species in common (See Chapter 1, Figure 1.5). The 
greater proportion of N. leioderma found in the Bering Sea is the key 
difference between subarctic and Arctic populations. Although Stepanova 
(2007) found this species in a few shallow samples in the Kara Sea, occurring 
at depths of less than 50m, N. leioderma is present outside the Arctic and 





waters of the Atlantic and Atlantic-influenced Arctic: Gulf of St. Lawrence 
(Norman, 1869), Iceland (Elofson, 1941), eastern Ellesmere Island (Brady 
and Norman, 1899), western Greenland (Stephensen, 1938), St. Margaret's 
Bay, Nova Scotia (Levings, 1975) and the Gulf of Maine (Blake, 1933). Hazel 
(1970) classified N. leioderma as an amphi-Atlantic species (i.e. a species 
that occurs on both eastern and western margins of the Atlantic) ranging in 
depth from 3 to 150 meters in the frigid-cold climate zone, which coincides 
with the Arctic-Nova Scotian biogeographic province. Hazel (1970) 
specifically noted that summer survival and reproductive temperatures control 
N. leioderma’s population. This agrees with our data showing a decline in N. 




This study provides the first faunal survey and time-series examination of 
ostracode assemblages in the Bering Sea. I conclude that the relative 
dominance of Arctic and subarctic species in the Bering Sea has changed 
during the last several decades as ocean temperatures fluctuated, illustrating 
the potential use of ostracodes to characterize ocean changes in the region.  I 
hypothesize these faunal changes reflect either the direct effects of 
temperature or other temperature–related factors, such as reduced sea ice. 





extensive enough to assess temporal change, but can serve as a baseline for 






Year  Month  Ship  Region 
2010 March USCGC Polar Sea South of St. Lawrence Island 
2009 March USCGC Healy South of St. Lawrence Island 
2007 May-June USCGC Healy Chirikov and South of St. 
Lawrence Island 
2006 May-June USCGC Healy Chirikov and South of St. 
Lawrence Island 
2004  July CCGS Sir Wilfrid 
Laurier 
Chirikov and South of St. 
Lawrence Island  
2003 July CCGS Sir Wilfrid 
Laurier  
Chirikov and South of 
St.Lawrence 
2002 July CCGS Sir Wilfrid 
Laurier 
Chirikov and South of 
St.Lawrence 
2001 July CCGS Sir Wilfrid 
Laurier 
Chirikov and South of St. 
Lawrence Island 
1999 April USCGC Polar Sea South of St. Lawrence Island 
1994 May-June RV Alpha Helix South of St. Lawrence Island 
1990 June RV Alpha Helix South of St. Lawrence Island 
1980 August Samuel Phillips Lee South of St. Lawrence Island 
1978 Aug.-Sept. Sea Sounder Norton Sound, Bering 
1978 July Karluk Norton Sound, Bering 
1977 July-Aug. Sea Sounder Chirikov and Norton Sound 
1976 March Sea Sounder Chirikov and Norton Sound 
2009 JulyAug. RV Alpha Helix Chukchi 
2010 July-Aug. RV Moana Wave Chukchi 
 
Table 2.1. Listing of research cruises by year, month, ship, and region, from which 

























Figure 2.1. Bathymetry of the northern Bering and Chukchi Seas. Map legend does 
not show areas >400 m, such as the southwestern Aleutian Basin, which ranges 
from 400 to 3000 m.  
























Figure 2.2. Number of open water days (reflecting length of ice-free period) in the 
Chirikov Basin and along the Inner Shelf, 1979-2009. Trend line shows open water 
duration in the Chirikov Basin (north of St. Lawrence Island) has increased over 
these three decades, accounting for an ice loss of ~77± 37 km2 of ice per year, with 
ice exiting by mid-June (Brown et al., 2011). “Open water” is defined as a 
satellite-derived sea-ice concentration below 10%. The Inner shelf region (0–50 m 
depth) includes the Eastern shelf and the Gulf of Anadyr (bounded by Cape Navarin 
to the south, St. Lawrence Island to the east, and Cape Chukotskiy to the north); The 
Chirikov Basin region is bounded by St. Lawrence Island to the south, the Chukotka 




































































































































































































































































































































































Figure 2.3. Cluster analysis with a Euclidean similarity measure of 21 species of 
ostracodes in the northern Bering Sea, 1976-2010. This grouping sorts species with 



































Figures 2.4A-C. Modern Arctic distribution and abundance of three key cryophilic 
species, N. leioderma(a), S. bradii (b), and S. complanata (c), based on a ~700-coretop 
sediment sample database (the Modern Arctic Ostracode Database, MAOD). The red 
circles indicate species presence, while the white circles indicate absence. The MAOD 
provides census data for approximately 100 species of benthic marine Ostracoda from 
modern surface sediments collected over the last 50 years from the Arctic Ocean and 
adjacent seas (Cronin et al., 2010).  
Figure 2.4D. Contour plot of distribution, depth and abundance of P. janae along the red-
outlined Chukchi/Beaufort Sea area. Transect runs from the Chukchi to the Beaufort Sea 
(left to right). From the MAOD 685-sample database, 140 samples (black circles) were 
analyzed for the abundance of Pectocythere. P. janae is rare along the Chukchi-Beaufort 
shelf, only appearing in 2 samples during 1969 and 1970 with an abundance of 5-18% of 
the sample’s total ostracode population. It is absent along the Laptev-Kara shelf and is a 






















































































Figure 2.5A.  Chirikov Basin and Inner Shelf mean summer sea-surface temperature 
(SST) from 1982 to 2009 (purple and green lines). In order to have a temperature record 
that encompassed the study’s time period, we include May SST for the southeastern 
Bering since 1975 and summer BWT for the eastern Bering since 1982. Because the 
central-northern Bering Sea is shallow (<50m) and well mixed, SST and BWT patterns 
generally show broad decadal patterns but do not provide year- and site-specific 
temperature data for our exact study region or exact temperatures that ostracode 
species require. (Data from http://www.beringclimate.noaa.gov/data/)  
Figures 2.5B-E.  Plots of abundances of the four most common species in Bering Sea, 
1976-2010. Results represent the relative abundance of the major taxa out of the entire 






















Figure 2.6. Canonical correspondence analysis (CCA)  
results of five dominant ostracode species frequencies 
 (n=77) in relation to several environmental variables  
(sea-air temperature [SAT] in the Chirikov Basin,  
SAT along the Inner Shelf, the Arctic Oscillation Index,  
May sea surface temperature [SST] in the southeastern  
Bering Sea) that may influence their overall abundance  
and distribution. The green vector lines show the  
environmental variables and the quadrant and samples  
with which they are associated. Although it is difficult to  
disentangle the independent effects of the variables,  
the CCA shows that P. janae’s ecology is distinct from the other dominant species and its 
frequency correlates with high SATs, indicating a warmer water affinity. Samples from the 
year 2010 (maroon circles) are in the opposite quadrant from the SAT vectors and P. janae, 
consistent with colder water temperatures in 2010. Samples from 1994  (light gray circles) 
cluster together indicating the dominance of S. bradii and N. leioderma, which, in that 
year, represented 36% and 49% of the total ostracode population, respectively. C. 
macchesneyi, a species that can tolerate reduced salinity, shows a correlation with a few 
samples from 1977 and 1976 (pink and moss green circles) that are located in lower 
salinity waters of Norton Sound. Samples from 2010 (maroon circles) also contained a 
higher percentage of C. macchesneyi compared to past years. Data corresponding to N. 
leioderma is centrally distributed in the plot, meaning that it is abundant in most of the 
samples in most of the years. According to the eigenvalues, axis one (80%) and axis two 













































































n=8,  837 specimens
n=8,  361 specimens
simplex
simplex
Figure 2.7. The Chukchi Sea ostracode species assemblages in 2009 and 2010. Bar 
plots include species that comprised >1% of the total species population. In 2009, 




















Figure 2.8A-D. Contour plots comparing species abundance in cold years (1994 
and 1999) vs. warm years (2001-2006) north and south of St. Lawrence Island. 
Maps (top) show central-northern Bering shelf study area and locations of 
samples (blue dots) in the years represented. Contour plots show abundance of 
key taxa in south-north cross sections to depict the changes in major species 
abundance during these ocean-atmosphere shifts. Two assemblages are 
present; one dominated by Arctic species (N. leioderma and S. bradii) in colder 
years, another with significant numbers of more temperate species (P. janae) 
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